The momentum-transfer performance of a plasma actuator over a 20
Nomenclature F = frequency of a.c. voltage source f p = frequency of pulsed actuation q = velocity component in crossflow plane r, θ = polar coordinates at body center, θ measured from windward generator clockwise r c = body radius T p = 1/f p , period of pulsed actuation V p−p = peak-to-peak voltage of a.c. voltage source v, w = horizontal, vertical component of q τ p = duty ratio of pulse over a pulse period ψ = phase angle over a pulse period ω x = axial vorticity component in x direction
I. Introduction
Proportional lateral control on slender forebodies at high angles of attack is highly needed in aerodynamic design of air vehicles. The fact that the separation vortices over pointed forebodies generate large airloads and are very sensitive to small perturbations near the body apex offers an exceptional opportunity for manipulating them with little energy input to achieve active lateral control of the vehicle in place of conventional control surfaces. It has been found experimentally that unsteady dynamic control techniques are needed to achieve this goal.
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Recently, Liu et al. 4 reported wind-tunnel experiments that demonstrate nearly linear proportional control of lateral forces and moments over a slender conical forebody at high angles of attack by employing a novel design of a pair of single dielectric barrier discharge (SDBD) plasma actuators near the cone II. Experimental Setup The model is shown in Fig. 1 and mainly the same as used in Ref. 4 . The circular-cone forebody consists two separate pieces. The frontal portion of the cone is made of plastic and has a length of 150 mm. The rest of the model is made of metal. The total length of the cone is 463.8 mm with a base diameter of 163.6 mm.
Two long strips of SDBD plasma-actuators are installed symmetrically on the plastic frontal cone near the apex as shown in Fig. 2(a) . The plasma actuator consists of two asymmetric copper electrodes each of 0.03 mm thickness. A thin Kapton dielectric film (0.4 mm thick) wraps around the cone surface and separates the encapsulated electrode from the exposed electrode as shown in Fig. 2(b) . The right edge of the exposed electrode shown in Fig. 2(b) is aligned with the cone at the azimuthal angle θ = ±120 • ( Fig.  2(a) ). The length of the electrodes is 20 mm along the cone meridian with the leading edge located at 9 mm from the cone apex. The width of the exposed and encapsulated electrode is 1 mm and 2 mm, respectively. The two electrodes are separated by a gap of 1.5 mm, where the plasma is created and emits a blue glow in darkness. Four modes of operations of the starboard actuator are defined. The first mode is steady discharge of the starboard actuator. The rest modes are periodic-pulse discharge of the starboard actuator with pulse duty ratio τ p = 0.1, 0.5 and 0.9 at pulse frequency f p = 150 Hz. The pulse durations for τ p = 0.1, 0.5 and 0.9 are 0.667, 3.33 and 6.00 milliseconds, respectively. The actuator on the cone model is driven by a multi-channel plasma generator made by Y.B. Li, an author of the present paper. The waveform of the a.c. source is sine wave. The peak-to-peak voltage and frequency are set at V p−p ≈ 12 kV and F ≈ 30 kHz, respectively. Fig.  3 presents the pulsed-actuation signals for τ p = 0.1, 0.5 and 0.9 with the period, T p = 6.67 ms. The plastic frontal cone is used for the present experiments. The wind-tunnel study using the entire model of Fig. 1 will be reported in another paper. Particle image velocimetry (PIV) is chosen for the flowfield measurement because the method is to a large degree noninstrusive. The cross-flow velocity field over a station of x = 24.6 mm which is measured from the cone apex, is visualized by a two-dimensional PIV system as shown in Fig. 4 . The radius of the body cross-section is 4.34 mm. The possible adverse effects of the electrostatic force of the plasma actuator on the PIV measurement are neglected. As the model surface is not black oxide coated, there exists background light scatter in the PIV measurements in the present tests.
The study is conducted inside a space formed by a rectangular cover, which is of 600 mm in length, 500 mm in width and 500 mm in height. All the five sides of the cover are made from 5 mm thick Plexiglas to allow for optical viewing and access for the laser sheet. The cover is shown between the PIV system and the plasma generator in the photograph in Figure 4 . The air under the cover at one atmosphere pressure is shielded from air flow within the laboratory room. The seeds are smoke particles of approximately 1 µm in diameter commonly used in cinema industry. The seeds would stay suspended for many hours and were only replenished when needed.
The PIV system is manufactured by the Dantec Dynamic Company. The Nd:YAG Laser, a product of the Beamtech Optronics Co., emits single pulse of energy ≤ 200 mJ and produces double pulses with a time interval of 60 µs. The laser sheet has thickness 1 mm. The repeat rate of the laser double-pulse is limited to 15 Hz. For f p = 150 Hz, the repeat rate of the laser double-pulse is set at 11 Hz, and 11 evenly distributed phase angles in a pulse period are resulted in. Consecutive 10 seconds of sampling are performed for each case. The sampling number for ensemble averages and phase-locked averages is 110 and 10, respectively. A CCD camera of 1600 × 1200 pixels is used to record the cross-flow image of 35 mm × 27 mm. A software of DynamicStudio 2.30.47 version is used to calculate the cross-flow velocity vector field from the double-pulse images. The camera is located in front of the laser plane as shown in Fig. 4 . Table 1 gives the input power versus periodic-pulse duty ratio of the starboard plasma actuator generated by an ac voltage source: V p−p = 12 kV and F = 30 kHz, where τ p = 1 denotes steady plasma actuation. The pulse frequency f p = 150 Hz. The input power is approximately proportional to the duty ratio. At the duty ratio of 0.1 the input power is too small to be measured by the equipment used in the present test.
III. Ensemble-Averaged Results
To study the convergence of ensemble-averaged crossflow velocity versus sampling time, the mode of steady plasma actuation (τ = 1) is considered. On the crossflow plane, a fixed point of r/r c = 1.46 and θ = 11.8
• , is chosen, where the ensemble-averaged maximum crossflow velocity obtained from the PIV sampling time of 10 s in the entire neighborhood of the cone surface is located. At this point, the ensembleaveraged crossflow velocities over sampling time of 1 s and 5 s are listed in Table 2 . The sampling time of 10 s almost yields convergent result. Crossflow velocity (m/s) 2.79 1.81 1.57 Figure 5 presents the ensemble-averaged crossflow-velocity contours and streamlines for pulse duty ratio τ p = 0.1, 0.5 and 0.9, and steady plasma actuations (i.e., τ p = 1). The streamlines are calculated from the PIV measured crossflow velocity. The presented PIV image size is of 28 mm × 23 mm, which covers the entire neighborhood of the body cross-section disturbed by the starboard plasma actuation. The actuator produces at azimuthal location, θ = 120
• , a locally tangential and counterclockwise blowing that adheres to the surface of the cone via an apparent Coanda effect. The radius of the body cross-section, r c = 4.34 mm. The plasma jet from the actuator is shown in Fig. 5 (d) where τ p = 1, i.e., the actuator is activated at all time. In Fig. 5 (a)-(c) where τ p = 0.1 − 0.9, the actuator is activated only at part time and, thus, the plasma jet is not shown in the figure. The flowfield adjacent to the body circumference can not be obtained by the PIV method mainly due to the background light scatter from the model surface. The notation also applies to the following PIV images.
The axial-vorticity ω x over the crossflow plane is calculated from the measured crossflow velocity. Figure  6 presents the ensemble-averaged axial-vorticity contours for periodic-pulsed and steady plasma actuations. The crossflow-velocity vectors are superposed on the contours of the axial-vorticity ω x and subsampled by a factor of two in both directions for visual clarity.
The characteristics of the induced flow is shown by two parameters: ensemble-averaged maximum crossflow velocity, q max and maximum magnitude of axial vorticity, |ω x | max . Table 3 presents q max and |ω x | max in the neighborhood of the plasma discharge edge, θ = 60
• − 120
• . The horizontal and vertical components of q max are denoted by v and w, respectively, where v points port when positive and w points upward when positive. The direction of axial-vorticity is couter-clockwise when it is positive. In the neighborhood of the plasma discharge edge, q max = 0.365 m/s for τ p = 0.9 is the largest, while |ω x | max = 394 /s for the steady plasma actuation (τ p = 1) is the largest among the various τ p considered. Table 4 presents q max and |ω x | max in the entire neighborhood of the body, θ = 0 • − 180
• . q max = 1.81 m/s and |ω x | max = 1273 /s for τ p = 0.9 are the largest among the various τ p considered. In the entire neighborhood of the body, q max and |ω x | max are located close to θ = 0
• except for the mode of τ p = 0.5. For τ p = 0.5, q max = 0.357 m/s which coincides with that in the neighborhood of the plasma actuator (See Table 3 ), but |ω x | max = 250 /s which is larger than that in the neighborhood of the plasma actuator and located downstream far away from the plasma actuator.
The distributions of the ensemble-averaged velocity component w and axial-vorticity ω x along a radial ray originated from the body center at the azimuthal angle of θ = 90
• are presented in Figure 7 for the periodic-pulsed and steady plasma actuations. As seen from Fig. 7(a) , w < 0. Thus, the direction of the resulting flow agrees with that of the plasma discharges. The maximum magnitude of velocity componnent w induced by the steady plasma actuation is the largest and, however, the thickness of the velocity profile w(r/r c ) is the smallest among all modes of the plasma actuation considered. Table 5 presents the peak value and the half-height thickness of the w-profile for pulsed discharge of τ p = 0.1, 0.5, 0.9 and steady actuation (τ p = 1). Although the peak value of w is lower for the pulsed discharge, the half-height thickness is much larger than that induced by the steady actuation. In Fig. 7(b) , the positive and negative peaks of the axial vorticity induced by the periodic pulsed actuations are, mostly, higher than those of the steady plasma actuation. This indicates that stronger discrete vortices are formed in the periodic-pulse cases. This observation agrees with the finding over a cylinder model in the absence of external flow measured by hot-wire anemometry in Ref. 8 .
IV. Phase-Locked-Averaged Results
The temporal characteristics of the flow induced by the periodic-pulsed plasma actuations are investigated. The plasma pulse frequency, f p = 150 Hz. The pulse duty ratio, τ p = 0.1, 0.5 and 0.9. The PIV sampling frequency is 11 Hz. There are 11 phase angles evenly distributed in a period of the pulse cycle. The phase angles are ψ = n × (360
• /11), where n = 0, 1, 2, ..., 10. To calculate a phase-locked average, every 11 PIV samples are used. Let the averages obtained in the order of the PIV sampling be I, II, III,..., XI. Then, they are rearranged into the order of I, IX, V I, III, XI, V III, V , II, X, V II, and IV , which is in the order of phase angle, i.e., the order of n. In the present experiments, the plasma generator and the PIV velocimetry are operated independently, and, thus, the exact phase angle corresponding to the pulse initiation is unknown. In this paper, n = 0 is chosen at the point where the phase-locked-averaged maximum crossflow velocity in the entire neighborhood of the cone is the largest among all the phase angles. The PIV sampling time is 10 s. There are altogether 110 samples. At a fixed phase angle there are 10 samples. The phase-locked averages are obtained from the 10 PIV samples.
To study the convergence, the phase-locked-averaged maximum crossflow velocity q max in the entire neighborhood of the cone surface, obtained from the 10 samples is considered. At the location of this phaselocked-averaged maximum crossflow velocity, the phase-locked-averaged crossflow velocity from samples of 1 and 5 are listed in Tables 6, 7 and 8 for pulse duty ratio τ p = 0.1, 0.5 and 0.9, respectively, for four phase angles. The convergence of the 10-sample results are quite good for τ p = 0.1 and 0.5, while fair for τ p = 0.9. Figures 8 and 9 present phase-locked-averaged crossflow-velocity contours with streamlines and axialvorticity contours with velocity vectors, respectively, for periodic pulse ratio, τ p = 0.5 at phase angle ψ = 0
• , 3 × (360 • /11), 6 × (360 • /11) and 9 × (360 • /11). In the latter figure, the crossflow velocity vectors are superposed on the vorticity contours and subsampled by a factor of two in both directions for visual clarity. The plasma jet from the actuator is shown in (a) and (b) of Figs. 8, where the actuator is activated at the time, and not shown in (c) and (d), where the actuator is not activated.
The distributions of the phase-locked-averaged velocity component w and axial-vorticity ω x along a radial ray originated from the body center at the azimuthal angle of θ = 90
• are presented in Figure 10 for the periodic-pulse ratio τ p = 0.5 at four phase angles of ψ = 0
• , 3 × (360 • /11), 6 × (360 • /11) and 9 × (360 • /11). The phase-locked-averages have larger variation range than the ensemble averages. Table 9 compares the variation ranges of phase-locked-averaged w and ω x for the five phase angles considered with those of the ensemble-averaged at pulse duty ratio τ p = 0.5 and pulse frequency f p = 150 Hz. Table 9 . Variation ranges of phase-locked-averaged w and ωx along radial ray of θ = 90
• for the five phase angles considered compared with those of the ensemble-averaged, τp = 0. The profiles of the phase-locked-averaged velocity component w(r/r c ) and axial vorticity ω x (r/r c ) have the highest peak and the widest thickness at ψ = 0
• among the phase angles considered. This indicates that the phase angle ψ = 0
• may be located at the initiation instant of the pulsed discharge. The transient response of the periodic pulse is captured using PIV. The phase-locked-averaged maximum crossflow velocity, q max and maximum magnitude of axial vorticity, |ω x | max in the entire neighborhood of the body versus phase angle ψ are shown in Fig. 11 for pulse duty ratio of τ p = 0.1, 0.5 and 0.9. For τ p = 0.9, the phase-locked-averaged q max varies between 1.76 m/s and 3.57 m/s and |ω x | max varies between 948 /s and 3156 /s over a pulse period, while the corresponding ensemble-averged q max = 1.81 m/s and |ω x | max = 1273 /s. Therefore, the phase-locked-averaged maximum values are, for most phase angles, much larger than the corresponding ensemble-averaged at τ p = 0.9. For τ p = 0.1 and 0.5, q max and |ω x | max are almost constant throughout the entire pulse period, and are nearly equal to the corresponding ensembleaverged values given in Table 4 . The results reveal the effect of flow hysteresis. This is observed by that q max and |ω x | max remain non-zero even after the actuator is turned off. The input power can be saved by using periodic pulsed actuation that is able to utilize the flow hysteresis. This flow hyteressis under unsteady plasma actuation was also observed using high-bandwidth pressure sensors over an airfoil model in wind tunnel test in Ref. 7. The mean value of the phase-locked-averaged q max over a pulse period is generally different from the corresponding ensemble-averaged value shown in Table 4 . For example, Table 10 presents the phase-lockedaveraged maximum crossflow velocity q max in the entire neighborhood of the cone and its location (r/r c , θ) for pulse duty ratio, τ p = 0.5 at four phase angles. The locations of the phase-locked-averaged q max are different for different phase angles, and, thus, different from the location of the corresponding ensembleaveraged maximum crossflow velocity. The ensemble-averaged maximum crossflow velocity and its location are listed in Table 4 .
V. Conclusions
The flow induced by a single millisecond periodic-pulsed plasma actuator mounted near the tip of a 20
• cone along azimuthal angle of 120
• is investigated in atmospheric air without external flow. A twodimensional particle image velocimetry reveals the flow features in the neighborhood of the cone surface.
1. The ensemble-averaged tangential velocity profile along a radial line perpendicular to the body symmetry plane for periodic-pulsed discharge is thicker than that of steady actuation. This is acompanied with stronger discrete vortices that leave the cone surface under the unsteady actuation. The main mechanism of momentum transfer under periodic-pulsed actuation is the formation of strong discrete vortices, rather than the gas acceleration.
2. In the neighborhood of the cone surface, the ensemble-averaged maximum crossflow velocity and maximum magnitude of axial vorticity occur near azimuthal angle 0
• of the body in most cases.
3. The variations of the phase-locked-averaged maximum crossflow velocity and maximum magnitude of axial vorticity induced by periodic-pulsed discharge versus phase angle are oscillatory and their values are, for most phase angles, much larger than those of the ensembled averages when the pulse duty ratio is 0.9. But they are almost constant and nearly equal those of the ensembled averages when the pulse duty ratio is 0.1 and 0.5.
4. The phase-locked-averaged maximum crossflow velocity and maximum magnitude of axial vorticity induced by periodic-pulsed discharge remain non-zero even after the actuator is turned off. This flow hysteresis can be used to save the power input. 
